Magneto-absorption experiments on a range on Inl-xGa,AsyP1-,/InGaAsP multi-quantum well (MQW) structures, including both tensile and compressive strained wells, are presented. Estimates for the band offsets are made in a lattice matched and a strain-balanced structure, and a model t o predict the band offsets as a function of strain in InGaAsP heterostructures is described.
Introduction
Optoelectronic devices, such as lasers and modulators, employing InGaAsP MQW structures are attractive for operation in the important 1.55 pm region. The benefits of strain in quantum well lasers are well known, related t o modifications of the band structure, but in this paper advantages of introducing strain in optical electroabsorption modulators are discussed. The desirability of monolithically integrating a MQW laser and modulator make any advantages for strain in MQW modulators especially noteworthy.
Advantages of strained layer electroabsorption modulators
Electroabsorption modulators, based on the quantum confined Stark effect, have been demonstrated in a range of lattice matched combinations of InGaAsP based materials for 1.55 pm operation. However, such devices suffer from sensitivity to the input polarisation and a tendency t o saturate as the light intensity increases. Improved modulator performance, along with the possibility of polarization insensitive behaviour, might be achieved by using strain to engineer a co-incidence of the heavy and light hole excitonic transitions in the quantum wells of these devices. The absorption strength of this combined peak will be enhanced by the increased reduced exciton masses at this point, caused by coupling of the hole levels. However when quantum wells are placed under strain the confinement barriers for both heavy and light holes are expected to change. This in turn changes the rate at which holes escape from the wells in an electric field and thus alters the saturation behaviour of modulators. Consequently a knowledge of how the band offset ratio varies as a function of the strain and composition in a InGaAsP/InGaAsP quantum well is required.
The band offset ratios have been measured for a number of lattice matched Inl~,GaxAs,P1-,/InP combinations(') but little is known about how they vary as strain is included and/or InGaAsP barriers used. Here we present the first measurements of the band offsets in InGaAsP/InGaAsP heterostructures and go on to consider a model to predict the band profiles as a function of strain.
Experimental results.
A number of Inl~,GaxAs,P1~,/InGaAsP MQW structures have been grown by low pressure MOVPE on InP substrates, including three lattice matched 50 well structures with XRT=1.58pm InGaAsP wells and XRT=1.18pm InGaAsP barriers. Measurements have also been made on a 6 well sample with XRT=1.58pm InGaAsP wells under 1% compressive strain (~,,~=-1.0%) and XRT=1.25pm InGaAsP barriers under 1% tensile strain (~~,~,,=+1.0%), and on a series of 4 period MQW with tensile strained Inl-,GaXAs wells and lattice matched XRT=l .17pm InGaAsP barriers.
Interband magneto-optical measurement have been performed in magnetic fields up t o 15 T a t 4.2 K. The absorption coefficient of typical lattice matched (E593), compressively strained (E863, ~,n=-l%, ebmier=+l%) and tensile strained (E866 with cbanier=+O.3%, E870 with ~~-~~= -t l . O % ) samples are shown in Fig. l (a) a t zero magnetic field. Maxima are resolved for El-HH1, El-LH1, and E2-HH2 excitonic transitions, with higher levels resolved in some cases, along with a bulk transition from the quaternary buffer layers. The transitions observed in the series of tensile strained samples are plotted in Fig. l(b) , and the El-HH1 and El-LH1 splitting is seen t o be roughly proportional to
The magnetic field improves the resolution of the transitions and leads to one or more series of Landau levels originating from the El-HH1 and/or El-LH1 transition. This is illustrated in Figs. 2(a,b) , which show the excitonic transitions observed in E863 and E870 as a function of magnetic field. compressively For sample E863, with compressive strained wells, a clear El-HH1 transition and associated Landau levels are resolved and there are two weak transitions at higher energy. These are expected to be the El-LH1 and E2-HH2, respectively, and it is seen that the strain has generated a splitting of over 60 meV between the heavy and light hole levels. For the lattice matched sample, E593, the El-HH1, El-LH1, and E2-HH2 transitions are resolved and the heavy hole levels appears 27 meV below the light hole. With tensile strain in the well a co-incidence of the El-LH1 and El-HH1 transitions is possible, as has been achieved for E866, with &,,u=+0.3%. For larger tensile strains the lowest transition is El-LH1 as seen in Sample E870, with eWeu=+1.0% strain. Landau levels from both the El-HH1 and El-LH1 levels can be resolved in the tensile strained samples, but those of the light hole level dominate, even though the intensity of the El-LH1 is weaker than that of El-HH1 a t 0 T.
The energies of the observed transitions are fitted using a 3-band k.p perturbation theory, including far-band terms, within the envelope function approximation. A similar approach to magneto-absorption data from a lattice matched InGds/InGaAsP MQW has been used to give an accurate estimate of the band discontinuities (AE,=0.38AEg), due to the observation of excitonic transitions from both confined hole levels and valence band continuum states to confined electron levels (2). In the present samples transitions from bound to continuum states are not resolved but a fitting to the observed transitions enables a less accurate estimate of the band offsets t o be made.
For the case of the lattice matched XRT=1.58pm InGaAsP / XRT=1.18pm InGaAsP samples the E l -HH1, El-LH1, and E2-HH2 levels are fitted as a function of the band offset ratio for a range of layer thicknesses (whilst maintaining the period measured by X-ray.) This is shown in Fig. 3 (a) which also shows the energies of the observed transitions, along with the estimated errors in the measurement. It is seen that, with the assumption that the ratio of well and barrier thicknesses are within 5% of the nominal value, AE,/AEg=0. The above approach is now used for E863 (~~~~= -l % , for which the X-ray data resolved a slight uncompensated compressive strain along with a MQW period of 184A. The layer compositions are established from bulk calibration runs, although the limit to the thickness of such layers leads t o greater uncertainties in the growth rates, than for lattice matched layers. Fig. 3(b) shows the three transitions observed in E863 (with estimated errors), along with the fitted values, and shows that the splitting of the El-LH1 and E2-HH2 provides a sensitive measure of the band offset ratio. The fit, after a very slight adjustment to the nominal compositions, indicates that AE,/AEg=0.52f 0.05. For the tensile strained samples the lack of higher transitions which can be positively identified renders the above approach unwise.
Modelling of band offsets.
Our model for estimating band offsets as a function of strain is based on the 'model-solid' approach of Van de ~a l l e (~) .
This calculates changes in relative energy levels, using deformation potentials to account for strain effects. The energy of the average valence band position for the bulk semiconductor materials, E,,,,, is required, for which values have been calculated for the 111-V binary compounds (3) . When considering InGaAsP structures it is necessary t o develop the correct interpolation scheme for calculating the values of E,,,,, and other parameters, from those of the constituent binaries. One such scheme involves bowing parameters calculated using the hydrostatic deformation potentials and lattice parameters of the constituents (4). However, this assumption may prove inaccurate for some InGaAsP compositions, and is found to give poor agreement with the values measured in the lattice matched ternarylquaternary and quaternarylquaternary combinations described above. An alternative assumption, based on the fact that all measurements in unstrained InGaAsP systems have returned a value for AE,/AEg close to 0.4, is to arbitrarily assign a 40160 split of the total unstrained band discontinuity for an InGaAsP heterostructure, and then apply the effects of strain using the model solid theory. This should be reasonably accurate for small strains, say k0.5% but will become increasingly inaccurate thereafter.
The remaining input parameters are obtained by interpolation of the binary values as in Ref. 4 , with the exception of a quaternary bowing factor used in the interpolations of the energy gap and spin orbit splitting (5) . Table 1 compares the band offsets predicted for various samples using the 'model solid' approach with the above two assumptions.
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Large differences are seen between the profiles generated using the model solid approach with the two different assumptions for the band line-up prior to the consideration of strain effects. For the compressive strained well the interpolation of the E,,,, values leads to a shallow light hole well whilst the assumption of an unstrained AE,/AEg=0.4 leads to a shallow electron well. The value of AE,/AEg=0.52f 0.05 estimated from the data of E863 is closer to the band line-up predicted by the interpolated E,,,, values. This is supported by photocurrent data from E863, which show the El-HH1 exciton holding up better under applied bias than would be expected for the very shallow electron well predicted in column (b) of Table 1 . For the tensile strained samples both assumptions lead to a decreasing heavy hole offset, which should lead to reduced power saturation, but this is a much larger effect using the assumption of an unstrained band offset. The positions of the El-LH1 and El-HH1 levels are calculated as a function of strain, for band profiles generated using the two assumptions described above. In both cases a good fit to Fig. l(b) is obtained, showing that the energies of these two transitions are not particularly dependent on the band offsets.
. Conclusions.
It is shown that moderate strains can be advantageous for InGaAsP electro-absorption modulators. Optical data has enabled an estimate of the band offset ratio for a lattice matched and a strain balanced structure InGaAsP/InGaAsP MQW. A model is developed to describe the changes in band offsets as strain is introduced, with the results being very sensitive t o the assumptions made in determining the band line-up prior to including the effects of strain.
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